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The focus of this review paper is factors affecting data interpretation in ligand binding assays under equilibrium conditions.
Protocols for determining Ky (the equilibrium dissociation constant) and Ksa (the equilibrium inhibitor constant) for receptor
ligands are discussed. The basic theory describing the interaction of a radiotracer and an unlabelled competitor ligand with a
receptor is developed. Inappropriate experimental design may result in ligand depletion and non-attainment of equilibrium,
distorting the calculation of Ky and Kya. Strategies, both theoretical and practical, will be given to avoid and correct such errors,
thus leading to the determination of reliable values for these constants. In determining Ksa from competition binding studies,
two additional concepts are discussed. First, the necessity to measure an adequate specific binding signal from the bound
radiotracer ligand limits the range of affinity constants that can be measured: a particular set of assay conditions may lead to
an upper limit on the apparent affinity of unlabelled ligands. Second, an extension of the basic assay methodology can indicate
whether the interaction between the tracer and a test ligand is mediated by a competitive or an allosteric mechanism. Finally,
the review ends with a discussion of two factors that are often overlooked: buffer composition and the temperature at which
the assay is conducted, and the impact these can have on affinity measurements and the understanding of drug interactions.
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Introduction

Two of the outstanding aims of binding studies on pharma-
cological receptors are to: (i) obtain reliable estimates of the
affinities of selected ligands for the receptor of interest
together with their associated errors; and (ii) analyse the
mechanism of interaction of ligands with the receptor alone,
and in combination. Such information provides an important
contribution to drug screening and development pro-
grammes. The primary focus of this paper is the determina-
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tion of reliable values for the binding constants that govern
receptor-ligand equilibria in vitro. The kinetic processes gov-
erning ligand association and dissociation will be considered
to the extent that they are needed to understand equilibrium
binding experiments, to formulate mathematical models for
their analysis and to avoid systematic errors in their perfor-
mance. The interesting and important role of the dissociation
rate constant, in particular, in determining ligand selectivity,
efficacy and duration under non-equilibrium conditions
in vivo has been addressed in excellent recent reviews (Cope-
land et al., 2006; Swinney (2009). Receptor nomenclature is
written according to the recommendations published in the
British Pharmacological Society Guide to Receptors and
Channels (Alexander et al., 2008).

Principles of receptor binding assays

There are several stages in the development of a binding pro-
gramme: initial choices, establishment of assay conditions,
validation, application to novel ligands and quantitative
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analysis of the resulting data to derive binding parameters for
the ligands. These steps are overlapping, interactive and
recursive. Nevertheless, a number of definite milestones need
to be achieved.

Numerous publications have covered practical aspects of
setting up a ligand binding assay (Hulme and Birdsall, 1992;
Lazareno, 1998). We shall assume the use of a radiolabelled
ligand, with rapid membrane filtration to separate bound from
free ligand. However, the receptor preparation may also be im-
mobilized on a Biacore surface plasmon resonance chip or on
scintillation proximity beads (Glickman et al., 2008), generat-
ing a signal from ligand binding without the need for a mecha-
nical separation. Alternatively, binding may be monitored by a
spectroscopic signal. General considerations for the develop-
ment of ligand binding assays apply to these formats as well.

Fundamentally, three types of receptor binding experi-
ments may be performed:

e Kinetic experiments, where the binding of one or more
concentrations of radioligand is measured at an increment-
ing series of time points, and analysed to estimate associa-
tion (k.n) and dissociation (ko) rate constants.

e Saturation experiments, where binding of an increasing
series of concentrations of a radioligand, L, is measured at
equilibrium and analysed to determine its binding constant
(affinity constant, K, or dissociation constant, Ky) and the
concentration of specific binding sites for the radioligand
(Ry); the experimentally determined estimate of Ry is usually
designated Byjax.

e Competition/modulation experiments where the binding
of one or more fixed concentrations of a radioligand is
measured at equilibrium in the presence of an incrementing
series of concentrations of a non-labelled compound, and
the data analysed to determine the binding constant of the
compound for the unliganded receptor, and the cooperat-
ivity between the compound and the radioligand for
binding to the receptor. Classically, the equilibrium inhibi-
tor constant K; is calculated from such experiments using
the Cheng-Prusoff transformation (K; = ICso/(1 + [L]/Ka). In
this paper, we usually use the designation A for an unla-
belled ligand; in this case, it is the dissociation constant for
A, Kga that corresponds to Ki.

The experimental protocol for binding assays is (somewhat
deceptively) straightforward: (i) make a preparation contain-
ing the receptor, for instance, a membrane fraction, that can
be divided into aliquots; (ii) select a suitable labelled ligand;
(iii) incubate aliquots of the receptor preparation with chosen
concentrations of the labelled ligand for a defined time at a
defined temperature in a defined buffer; (iv) measure the
bound and (sometimes or) free ligand concentration; (v)
repeat steps (iii) and (iv) with the addition of unlabelled
ligands or modulating agents, as defined by the aims of the
experiment; and (vi) analyse the data mathematically to
extract quantitative estimates of rate constants, affinity con-
stants and cooperativities.

It is easy to do binding experiments and obtain data.
However, binding reactions, like gravitational interactions,
are highly non-linear, and this can lead the unwary practitio-
ner into artefacts and pitfalls. Non-equilibrium and ligand
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depletions are particular hazards, which can be exacerbated
by undetected impurities in the ligands studied. They can lead
to the inaccurate estimation of ligand binding constants. This
can have important consequences if the values are used, for
instance, for the calculation of receptor occupancies in vivo,
for estimating the potencies of new compounds or for the
comparison of structure-activity relationships.

The purpose of this review was to outline the basis of
equilibrium binding studies. We focus on how to set up, verity
and analyse receptor binding assays to obtain authentic
results. We illustrate the theoretical considerations with a
number of experimental examples. At the outset, we assume
that a suitable receptor preparation is available, that a labelled
tracer ligand has been synthesized for the receptor under
study and that a test set of unlabelled competitor ligands with
known pharmacology is available. Usually, the receptor
preparation is a membrane suspension.

Theoretical foundations of receptor
binding studies

In the following section, we outline the fundamental theory
of ligand binding studies.

A basic understanding of the theory of receptor-ligand
interactions is essential for the planning, execution, analysis
and interpretation of binding experiments. This enables the
practitioner to take a critical and discriminating stance, for
instance, when choosing from the equations embedded in
standard data analysis packages. As in all quantitative sub-
jects, equations are power!

Saturation binding studies

Atthe level of the individual receptor molecule, ligand binding
and dissociation are stochastic processes. An (imperfect)
analogy is the uptake of glasses of wine by delegates at a BPS
meeting reception. Within a certain time period, the thirsty
delegate [unliganded receptor (R)] has a probability of acquir-
ing a wine glass (ligand) that is proportional to the product of
the density of glasses on the circulating trays [ligand concen-
tration (L)] and the probability of productive encounter and
capture (Kon; this is an example of a simple bimolecular asso-
ciation reaction). Having acquired a glass of wine, the delegate
[now liganded receptor (RL)] then has a fixed probability (Kox)
of relinquishing it within an equivalent period.

R+L:";—>"RL
off

After the elapse of a certain interval, an objective observer
(probably drinking orange juice) will notice that although the
state of individual delegates may fluctuate, the fraction of
them holding glasses, as well as the total number of glasses
held, builds up towards a steady state, which is maintained
until the waiters clear the empty glasses away, and reluctantly,
mono-exponentially, but eventually completely, they dissoci-
ate from the delegates’ hands.

At the steady state, the rate of uptake is equal to the rate of
release, kon[R][L] = kox[RL], where [R] and [L] represent the free
molar concentrations of receptor and ligand, and Ko, and K
are the association and dissociation rate constants (dimen-



sions concentration™ time™! and time™ respectively). Here,
the drinks reception analogy breaks down because, in the case
of receptor equilibrium binding, the receptor and ligand
remain unmodified after parting company. Furthermore, it is
the binding event itself (the glass, not the contents!) that
induces a conformational change in the receptor. In addition,
the total concentration of receptors is conserved: [R] + [RL] =
[Ri], no further delegates enter and none leave for the bar!
They are also assumed to be homogeneous (no preference for
red over white) and equally accessible to ligand (no delegates
trapped in crowds around posters).

Under these conditions, the steady state achieved repre-
sents the binding equilibrium between the receptor and the
ligand, obeying the law of mass action:

[RL] Ko

= =K
[RIL] Kot

K, the equilibrium affinity constant, has dimensions of M™.
As K (analogous to the thirst of the delegates) increases, so the
concentration of the receptor-ligand complexes increases at
the expense of the free species. Alternatively,

[RIL] _ Kot _
[RL]  Kkon ¢

defines the equilibrium dissociation constant, Ky, which is a
measure of the tendency of the receptor-ligand complex to
dissociate. This has dimensions of M. It is usually 10 M
(1 nM) or lower for an interaction that is useful for radioli-
gand binding studies. These expressions can be used
interchangeably to calculate the concentration of the
receptor-ligand complex as a function of the free ligand con-
centration. Thus, substituting the expression [RL] = K[R][L]
into the receptor conservation condition, we obtain [R] +
K[R][L] = [Ry] from which

_ K[LI[R]
[RL]= TrKIL] (1a)
, _ [LI[R,]
Alternatively, [RL]= L1+ Ky (1b)

Equation 1(a) and 1(b) are forms of the Langmuir isotherm,
which describes the equilibrium binding of a single ligand
species to a single uniform population of receptor binding
sites.

e One-site binding shows a smooth (hyperbolic) saturable
dependence of the concentration of the receptor-ligand
complex on the free ligand concentration. An example of a
saturation binding curve is given in Figure 1A.

The initial slope of the binding curve, at low ligand con-
centration ([L] = 0.1 x Ky), is given by K[Ry]. The slope falls to
50% of its initial value when [L] = K, at which point 50% of
the receptor population is occupied by ligand, so [RL] = [R+]/2.
When [L] = 10 x K, the occupancy achieves 91% of its
maximum value [Ry]. The experimental estimate of this
maximum binding capacity is usually designated Byax. A
typical binding curve spans more than two orders of magni-
tude of ligand concentration.
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e Saturation binding curves are frequently plotted as a func-
tion of logio[L], often after normalization by division of the
concentration of the receptor-ligand complex by the total
estimated concentration of binding sites By.x to yield an
occupancy value P. In a simple case, this yields a sigmoid
binding curve, which is symmetrical about log;oKq4
(Figure 1B).

e When fitted with the Hill equation, (P = (K[L])™/(1 +
(K[L])™), simple one-site binding curves have a slope factor
(ny) of 1.0.

One-site occupancy—concentration curves with different
values of K lie parallel to one another, with the same sigmoid
shape, when plotted semi-logarithmically against ligand con-
centration, but occupy different positions on the log concen-
tration axis.

e pKy, defined as —logioKa ( = logi0K) is a parameter of funda-
mental importance for the comparison of ligand affinities
and selectivities, and for the prediction of drug concentra-
tions that are efficacious in vivo. These are often about
3 x Ku.

The accurate determination of the pK, of the radioligand is
also essential for the accurate determination of the binding
parameters (pKq and cooperativity) of unlabelled drugs by the
modulation of tracer ligand binding, as discussed below.

e Algorithms for the analysis of experimental equilibrium
binding data should be formulated to produce estimates of
PpKq and their associated errors as an output. This is because
pKq is normally distributed, but Ky is not.

Time-course of binding and dissociation
The use of equation 1 for the analysis of data requires: (i)
that the binding reaction has achieved equilibrium; and (ii)
that the concentration of free ligand, [L], in equilibrium with
the receptor-ligand complex can be measured or estimated.
Factors affecting the rate of equilibration will be discussed first.
The rate of change of the concentration of the receptor—
ligand complex is equal to the difference between its rate of
formation and dissociation, so d[RL]/dt = Kon.[R][L] — Kog-[RL].
For a simple bimolecular association—dissociation reaction,
the time-course is described by a single exponential process.

[RL] = ([RLy]—[RLeq]) e ontEHhot 1 [RL, ] 2)

[RLo] is zero in an association experiment initiated by the
addition of ligand to receptor. In this case, the concentration
of the receptor-ligand complex increases smoothly and
asymptotically towards its final equilibrium value [RLc].

e The observed rate constant of the association reaction,
Kobs = Kon.[L] + Kotr, increases with the free ligand concentra-
tion. An experimental example is shown in Figure 2A. It is
slowest when limited by the dissociation rate constant at
low ligand concentrations.

e Replotting k. as a function of [L] gives a straight line; ko, is
determined by the slope as shown in Figure 2B. In favour-
able cases, ko« can be estimated from the y-intercept.
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Figure 1

Saturation binding curve for a radioligand. Specific binding of [*H]oxytropium to membranes from CHO cells expressing the human

muscarinic Ms receptor is shown. Radioligand depletion was 13% at the lowest concentration tested. The incubation time was 2 h at room
temperature in 20 mM HEPES buffer, pH 7.4. Atropine was used to define non-specific binding. (A) Saturation binding curve plotted on a linear
scale. The full line is the fit of equation 1b to the data. The estimated K4 was 0.05 nM, and the Bu.x 1.4 pmol-mg™" protein; (B) data from (A)
replotted against log concentration (x-axis) to reveal the characteristic sigmoid concentration-response curve.

Rewriting Kops = Kore(1 + K[L]) = koge(1 + [L]/Ks) emphasizes that
the observed rate of equilibration depends on the ligand con-
centration in relation to the Kg; for instance, it will be ca.
10-fold faster at 90% receptor occupancy than at 10% recep-
tor occupancy. At low occupancy, the equilibration rate is
determined by k.. The half-time of the equilibration reaction
is given by ti, = 108c(2)/kens = 0.693/kons. The time taken to
attain 97% of the final equilibrium value is 5 x f;,. For
instance, the muscarinic antagonist tiotropium has a K4 of
10 pM and a ko of 0.0015 min™ (Dowling and Charlton,
2006) giving a half-time of 462 min. Thus, if tiotropium is
used at a concentration of 100 pM (10 x Ky), the assay equi-
librium time is ca. 210 min (3.5 h), but at 0.3 pM, this extends
to ca. 2100 min (35 h).

e The use of an incubation time greater than 5 x 0.693/k. =
5 x i, for the dissociation reaction is a fail-safe assumption
for ensuring equilibrium in binding studies with a single
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radioligand which has mono-exponential dissociation
Kkinetics, provided that no competitors or modulators are
also present.

e The determination of k. is therefore an essential step in
validating a radioligand binding assay.

This usually entails: (i) pre-labelling of the receptor to equi-
librium with a concentration (e.g. 10 x K) of the radiolabelled
tracer that provides high initial occupancy; and (ii) inducing
its dissociation by the addition of a receptor-saturating con-
centration (e.g. 1000 x K) of an unlabelled competing ligand
that prevents re-binding of the radioligand. The dissociation
time-course is then analysed using an exponential function,
[RL]1=[RLy)e*. An experimental example is shown in
Figure 2C; in this case, t;, was 8.7 min, indicating that an
incubation time of 43 min is sufficient to ensure equilibrium
binding of the tracer ligand, irrespective of the starting
conditions.
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Figure 2 Kinetic studies of radioligand association and dissociation. Kinetic studies of the binding of [*H]Joxytropium to Ms; mAChRs: (A)
association time-courses using several concentrations of oxytropium spanning the Ky; the full lines are fits to equation 2, giving values of kops,
the apparent association rate constant; (B) determination of the association rate constant (k.n) from the fits shown in 2(A); kons was plotted
against the concentration of oxytropium and the slope determined by linear regression, giving an estimate for ko, of 2.1 x 10° M~"-min~' (3.5
x 107 M".s7); (C) dissociation of oxytropium (0.3 nM) initiated with 10 uM atropine; the full line is the fit to a single exponential, with ko
0.08 min~', corresponding to t;;, = 8.7 min. The ratio of ko/kon gives 3.8 x 107" M (0.038 nM) for the Kj, in good agreement with the value

from the direct saturation study (Figure 1).

An example of a discrepancy between K, calculated from
saturation binding compared to kinetic analysis is demon-
strated in a publication by Sullivan etal. (2006). These
workers found that the Ky of [PH]NBI 42 902 binding to mem-
branes expressing the type 1 GnRH receptor determined in
saturation binding studies with an incubation time of 2 h was
200 pM. However, radioligand dissociation experiments gave
a half-time of 4 h, suggesting that an adequate incubation
time in saturation binding studies would have been at least
20 h! Failure to attain equilibrium in the saturation binding
studies led to an overestimated Ky. The true K, calculated
from Kkinetic analysis (Ko/kon), Was 29 pM.

In more complicated cases, the dissociation time-course
may fit to a sum of exponentials. This may indicate the

induction of a conformational change in the receptor after
the initial binding step, the reversal of which is rate limiting
(Copeland et al., 2006). In this instance, it is the half-time of
the slowest process that should be used to calculate the equili-
bration time. Experimentally, ko« values are often strongly
temperature sensitive, indicating an enthalpic contribution to
the free energy of activation of the dissociation reaction.
Because of this, they may be reduced, and the corresponding
equilibration time increased by about 30-fold at 0°C com-
pared to 30°C. In addition, k. may be strongly influenced by
buffer conditions. Therefore:

e The dissociation rate constant should always be determined
under the conditions of the assay.

British Journal of Pharmacology (2010) 161 1219-1237
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The effect of radioligand depletion on tracer association and
equilibrium binding

The thirsty delegates at the BPS reception may be frustrated to
find that the drinks tray, initially fully laden, has been
emptied by other participants before it comes into reach;
unfortunately, it is only in a utopian world that the waiters
maintain a constant density of circulating wine glasses! Simi-
larly, in a binding reaction, the total amount of ligand present
is determined by the amount added at the outset, so that the
free ligand concentration diminishes as the binding reaction
proceeds, because the ligand, like the receptor, is subject to a
conservation condition; [L] + [RL] = [Ly], and [L] = [Ly] — [RL].
To account for this, the rate of change of receptor-ligand
concentration must be amended and rewritten in terms of the
total concentrations as follows:

d[RLY/dt = Kon ([Rr 1= [RLD([Lr1-[RL]) — Kot [RL]

At equilibrium, it follows that the quadratic equation

[RLY —[RL)([Ry1+ [Ly1+ Ko) +[Ry1[Ly]= O

governs the relationship between the concentration of
receptor-ligand complex, the total concentrations of recep-
tor and ligand present in the assay and the K,. Note that
there is no formal distinction between receptor and ligand
in these equations, or in the solution, which the frustrated
delegate will undoubtedly recollect, from high school
algebra, is:

((Ry1+[Lr]+ Ka) = V([Ry 1+ [Ly 1+ Kq) " 2 = 4[Ry ][ Ly ]
2

[RL]=
3)

e Equation 3, after the addition of a term to describe non-
specific binding (see below), is the appropriate equation to
analyse radioligand saturation data in terms of the total
concentration of ligand added to the assays by the experi-
menter. Ky is written as 107! within the curve-fitting algo-
rithm, so that the optimized parameter is pKq. Ligand and
receptor concentrations, and Ky, must be scaled to reason-
able units (e.g. nM) during fitting. A Kq of 1 nM gives pKq =
0 on a nM scale.

The formula describing ligand association also requires cor-
rection, taking the form

a-b(e“ Pkt 1
[RL]= (ae((T”"‘—b)) 4)
where a = [RL], the level of equilibrium binding calculated
from equation 3 and b = [Ry][L1]/[RLe]. This expression,
known as the integrated rate equation, again does not dis-
criminate between the binding partners, the delegates and
the glasses! In accord with real-life experience, the plateau
represented by equation 4 is lower, and reached sooner,
than that from equation 2 (Hulme and Birdsall, 1992). It
should be noted that this does not affect the determination
of the all-important value of ko initiated by the addition
of a receptor-saturating concentration of a non-labelled
competitor.
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e The reduction of the free ligand concentration as a direct
result of receptor binding is called ligand depletion, 3.
Assuming that non-receptor binding can be ignored, § is
defined as [RL]/[Lx].

Radioligand depletion is most pronounced at the lowest
ligand concentrations, when its equilibrium value may be
approximated by [Rq]/(Kq + [R1]).

e The total concentration of ligand giving 50% receptor occu-
pancy (where the free ligand [L] = Ky) is designated ECsy.
Application of the conservation condition for ligand shows
directly that ECso = Kq + [R1]/2.

S = [Rr]/(2Kq + [Rr]) at the ECso, illustrating how ligand
depletion diminishes as receptor saturation increases.

e Ideally, in ligand binding studies, radioligand depletion
should be held to less than 10%; this means that [Ry] < 0.1
Ki. Under these conditions, ECs, exceeds Kq by at most
5%. The exact equation 3 is similarly approximated by
equation 1b, with [L] = [Ly]. The use of the exact equation is
still recommended for data analysis.

Low depletion may not always be felt to be practical, par-
ticularly in low-volume high-throughput screening assays in
which there may be a tendency to increase the receptor con-
centration to maintain the signal from bound ligand while
reducing the ligand concentration to minimize cost.
However, this involves risks.

An experimental illustration is shown in Figure 3, which
shows experimental ECs, values for the high-affinity radioli-
gand (-)-[*H]N-methylscopolamine ([*H]NMS) binding to M;
muscarinic receptors plotted against half of the concentration
of receptor binding sites added to the assay (Carter etal.,
2007). The ECs, of ['H]NMS varied by 20-fold, from 107° to 2
x 10 M. A characteristic steepening of the binding curves
was observed at high (>90%) radioligand depletion, the Hill
slopes rising to 1.8, close to the theoretical limiting value of
2.0, as implied by the non-linear nature of equation 3. As
predicted, the ECs, values were linearly dependent on the
receptor concentration, but the slope factor was 1.3, which is
slightly higher than the theoretical value of 1.0. This would
be consistent with the presence of a proportion (ca. 25%) of
non-bindable radiolabelled impurities in the radioligand
preparation, which would cause the systematic overestima-
tion of the ECs, value. Testing for non-bindable radioligand is
described in section 3.4. The K, value estimated by extrapo-
lation to zero receptor concentration was 1.07 x 10™"° M (8.2
x 10" M if the presence of non-bindable impurities is taken
into account).

These data confirm that when [Ry/2] = Kq4, 50% of the total
ligand is bound at half-saturation of the receptor, so that the
measured ECs, exceeds the Ky by a factor of 2.

e With radioligand depletion, ECs, and [Ry] cease to be
independent parameters.

Therefore, because Ky = ECso — [Ry]/2, the estimation of Ky
from the receptor saturation curve, under depletion condi-
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Figure 3 The effect of radioligand depletion on the apparent affinity. ECs values for binding of the high-affinity radioligand [*HJNMS to M;
mAChRs are plotted against half of the concentration of receptor binding sites added to the assay. The data are taken from Carter et al. (2007).
Assay volumes ranged from 50 to 1750 uL, and additions of receptor preparation (4 pmol-mg™" protein) from 5 to 50 ug. The straight line
shows a linear regression with a slope of 1.3 and y-intercept corresponding to K4 =1.07 x 107'° M. The crosses show the radioligand depletion

at the ECSO.

tions, requires accurate determination of the total concentra-
tion of receptor sites, as well as the ECso. These measurements
must be conducted at high radioligand occupancy and have
higher variance than measurements at low occupancy. Fur-
thermore, if non-bindable radiolabelled impurities are present
in the radioligand preparation, the ECs, may be overesti-
mated. Therefore, the Ky estimate becomes a small difference
between two poorly determined larger numbers.

e An accurate value of K4 cannot be determined from a recep-
tor saturation curve if the initial extent of radioligand
depletion exceeds 50%.

Binding properties of unlabelled ligands derived from modulation
of the receptor-specific binding of the radiolabelled ligand

A central aim of receptor binding studies, particularly from
the standpoint of drug screening, is to deduce the binding
properties of non-radiolabelled ligands with a specific recep-
tor from their effect on the binding of a radiolabelled reporter
ligand.

¢ In the general case, the unlabelled and radiolabelled ligands
bind simultaneously to the receptor to form a ternary
complex (Figure 4).

The binding of the first ligand effectively creates a new
molecular species. This may change the affinity (and kinetics)
of the second ligand, a property referred to as allosteric modu-
lation, and quantified by a cooperativity factor a. Thus, the
dissociation constant of the tracer ligand bound to the
complex of the receptor with A becomes Ky /o.. Thermody-
namic reversibility demands that the identical cooperativity
factor be applied to the binding of A to RL.

Ky/o|| oK,

: K, /o

=
oK,

Figure 4 The allosteric ternary complex model of receptor-ligand
interactions. Two ligands, L and A, bind to the receptor separately to
give binary complexes RL and AR, governed by dissociation constants
Kq: and Ky4 respectively. The simultaneous binding of the two ligands
to form a ternary complex, ARL, is subject to a cooperativity factor, o.
The thicker arrows delineate a competitive interaction mechanism,
when o = 0.

AR ARL

e The sign and the magnitude of the cooperativity depend on
the nature of both of the interacting ligands, the radiola-
belled probe, as well as the unlabelled ligand, a property
referred to as probe dependence.

Thus, the measured dissociation constant for the radiola-
belled ligand L depends on the free concentration of the
unlabelled ligand, A, in the following way

Ky (1+ [Al/Kas)
Katar =0 oAV Ker) 5@
And, symmetrically,
Kaa(1+[L)/Kqr)
K — Al Ll )
PP T (14 o[ L)/ Kqy) S(b)

Insertion of equation 5(a) into equation 1(b) leads to the
following expression for the dependence of net radioligand
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binding on the free concentration of the modulating
ligand:

[L}/Kar -1+ o[ A/ Kaa)

RL]+[ARL]=
IREI ] 1+[L)/Kq, +[A)/Kga + o[L][A)/Kyr, - Kaa

(S0

When expressed as functions of the free ligand concentra-
tions, the equilibrium binding curves follow simple hyper-
bolic saturation functions as in equation 1. As the free
concentration of one of the ligands (e.g. the modulator) is
increased from zero to a receptor-saturating value, so the
dissociation constant for the other (the radioligand) changes
from an initial value K4 to a final limiting value given
by Ki/a.

e Instances of negative allosteric modulators (oo < 1) are
common; examples of positive (o > 1) and neutral allosteric
modulators (o = 1) are also increasingly being discovered
(Birdsall and Lazareno, 2005; May et al., 2007).

e For the analysis of experimental data, it is strongly recom-
mended to insert the expression for Kg,.,, defined by
equation 5(a) into equation 3, to yield an expression that is
at least compensated for depletion of the radioligand,
although not, it should be noted, for depletion of the
modulator ligand. This is the course followed below.

e Mutually exclusive competitive ligand binding represents
the limiting case of the ternary complex mechanism when
o=0.

Classically, this occurs when the binding sites for the
ligands overlap, leading to an irresolvable steric clash, so that
they cannot bind simultaneously.

e For a competitive interaction, an increase in the concentra-
tion of one ligand reduces the affinity of the other without
limit, but in the case of negative allosteric modulation, the
reduction in affinity reaches a plateau.

Experimentally, the receptor-specific binding of the radio-
ligand becomes zero at a high-enough concentration of an
unlabelled competitor, but reaches a non-zero value if the
interaction is allosteric. In practise, the difference between
competition and negative cooperativity greater than 100-
fold (o < 0.01) is difficult to detect by means of equilibrium
binding experiments alone, and requires investigation of
the effect of the allosteric ligand on the kinetics of the
radioligand.

For competitive interactions,

KdLapp =Ka (1 + [A]/KdA) (6)
The ratio of Kaapp to Kz is (1 + [A]/Kaa).

e If aradioligand saturation curve is measured in the presence
of a fixed concentration, [A], of a competing ligand and
compared to one measured in its absence, it will be found to
undergo a parallel shift of log(1 + [A]/Ku), when plotted
against the log concentration of radioligand.

e Equally, if the binding of a fixed concentration, [L], of
a radioligand is plotted against log concentration of an
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Figure 5 An affinity ratio plot distinguishes a competitive from a
negatively cooperative binding interaction. The plot is analogous to a
Schild plot of logio(dose ratio — 1) against logio[competitor]. The
dose ratio is the ratio of the dissociation constant of the radioligand

measured in the presence of the modulator to that in its absence.
pKdA is 8.0.

unlabelled competing ligand, the resulting inhibition curve
will be shifted by a factor log (1 + [L]/Kay).

e These factors, known as the Cheng-Prusoff correction after
their popularizers (Cheng and Prusoff, 1973), help to
correct the apparent affinity constants for the occupancy of
the receptor by the competing ligand.

It should be noted that the ligand concentrations used in
calculation of the Cheng-Prusoff shift must be the free ligand
concentrations corresponding to 50% of the maximum effect,
and that these may be influenced by ligand depletion.

e A diagnostic plot for strictly competitive as opposed to
allosteric interactions is that of log (Kuapp/Ka — 1) against
log[A]. Like a Schild plot, this has a slope of 1.0 for a
competitive interaction, but progressively deviates from
unit slope, eventually reaching a limit governed by the
value of o if the interaction is negatively cooperative, as
shown in Figure 5.

An early experimental example is shown in Stockton et al.
(1983). If the interaction is positively cooperative, the
binding of the radioligand will be potentiated rather than
inhibited by the modulator. These interactions are best quan-
titated by the fitting of an appropriate model of binding
directly to the measured experimental data, as discussed
below.

The Cheng-Prusoff shift is well known. However, it is less
widely appreciated that:

e The occurrence of radioligand depletion imposes an addi-
tional shift on inhibition curves generated by an unlabelled
ligand. This is because the free concentration of the radio-
ligand increases as it is displaced from the receptor, oppos-
ing the effect of the competing ligand.

e In the case of a simple strictly competitive interaction
between two ligands at a single uniform set of binding sites,



a formula for correcting the ICs, of the competing ligand to
obtain the true K4 was obtained by Goldstein and Barrett
(1987).

_ ICso
1+ [Lsol/Kar +2([Lso 1= [Lo D/[Lo]

Kaa

The first term in the denominator, [Lso]/Ka, is recognizable
as the Cheng-Prusoff shift. The second is the Goldstein-
Barrett depletion correction. If the radioligand depletion is
entirely attributable to receptor-specific binding, this can also
be written 80/(1 — 8,), where 8o = [RLo|/[L1] is the ratio of the
initial concentration of receptor-radioligand complex to total
radioligand. Thus, 50% radioligand depletion causes a
twofold Goldstein—Barrett shift even when the Cheng-Prusoff
shift is negligible.

¢ The net shift correction, written in terms of the total radio-
ligand concentration, is

1+[Lr1(1-60/2)/Ka + 80 /(1~ ) (7)

Carter et al. (2007) have suggested that, where radioligand
depletion cannot be avoided, the ICs, values of competing
ligands should be measured at a radioligand concentration
near to its measured ECso value under the conditions of the
assay, and then corrected by a factor equal to 1 + ECso/Ka
where Ky, is the true Ky of the radioligand. They provided
experimental data and simulations to support this recommen-
dation. In fact, it can be shown, using equation 7, that the
total correction factor applicable to the measured ICso under
these conditions is 2 + 0.75[R1|/Kq. = 1.5ECs0/Kq. + 0.5, which
ranges from 1.0- to 1.5-fold the correction employed by
Carter et al., depending on the initial level of radioligand
depletion. This accounts for a 1.6-fold discrepancy between
the input and calculated values reported in simulations in
which radioligand depletion reached 99% (Carter etal.,
2007). It should be noted, in addition, that the estimate of the
ECso of the radioligand under depletion conditions will be
proportionally affected by the presence of non-bindable
radiolabelled impurities.

A more serious objection is that if the interaction between
the modulating ligand and the radioligand is more complex
than competition at a single homogeneous population of
binding sites, the presence of radioligand depletion, unlike
the Cheng-Prusoft shift, will seriously distort the response
curve. For a negative allosteric modulator, apparent affinity
will be underestimated, and for a positive modulator overes-
timated if radioligand depletion is ignored; in both cases, the
extent of the cooperativity will be distorted (Avlani et al.,
2008). Compensation can be attempted by the use of the
exact equation 3, after substitution of equation 5(a). If the
interactions are competitive, but represent the sum of two
independent populations of binding sites with different
affinities for the competing ligand, radioligand displaced
from the high-affinity population will rebind to the low-
affinity population as the concentration of competitor
increases. In an extreme case, the presence of a high affinity
subpopulation may be completely obscured (Wells etal.,
1980). Exact equations for analysis of the two-site case exist,
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Figure 6 Opposite time dependences of the apparent inhibition
constants of a ‘fast’ and a ‘slow’ competitor. plCs, values for atropine
(a fast competitor) and tiotropium (a slow competitor) were deter-
mined at room temperature by competition with [*HJNMS (3.5 x
107'° M) for binding to M3 mAChRs expressed in CHO cells. Incuba-
tion times ranged from 5 to 1200 min. The data are replotted from
Dowling and Charlton (2006).

but are algebraically complex (Wang and Jiang, 1996; Hulme,
1999) and difficult to use for quantitative data analysis. It
must be concluded that:

In ligand modulation experiments, as well as in saturation
studies, radioligand depletion over 50% strongly increases
parameter correlation, increases error and should be
avoided if at all possible.

The forgoing analysis has all been subject to the assumption
that the binding assays have achieved equilibrium, [RL]/[RLe)
> 0.97. However:

e The presence of a competing unlabelled ligand will
lengthen the equilibration time of the radiotracer.

Even if the competitor binds rapidly compared to the tracer
(Kora > 10 X kogr,1), @ high concentration still reduces the effec-
tive tracer on rate, so that the equilibration time becomes
limited by the tracer k. irrespective of the time-course in the
absence of the competitor, which may be fast if the initial
tracer ligand occupancy is high.

e When the rate constants of the competing ligand are slower
than those of the tracer ligand, it is the ko« of the competing
ligand that determines the rate of approach to equilibrium.

In this case, a biphasic approach to equilibrium will be seen,
which may include a marked overshoot of tracer ligand
binding. Dowling and Charlton (2006) studied the binding of
a ‘fast’ antagonist, atropine (ko = 0.27 min™), and a ‘slow’
antagonist tiotropium (k. = 0.0015 min™) to M3 mAChRs by
competition with a concentration of [PH|NMS sufficient to
give ca. 90% receptor occupancy (Figure 6). The apparent
potency of atropine decreased with time, achieving its final
value after ca 220 min, corresponding to 5 x t;/, for dissocia-

British Journal of Pharmacology (2010) 161 1219-1237



Equilibrium binding assays

1228 EC Hulme and MA Trevethick

tion of the tracer [PH]NMS; in contrast, tiotropium may not
have achieved full equilibrium even after 1200 min, which
represents only 2.5 x t, for dissociation of the competitor.
Given sufficiently precise data, the analysis of such time
courses provides estimates of the kinetic rate constants of the
unlabelled competing ligands (Motulsky and Mahan, 1984;
Dowling and Charlton 2006).

e The effects of allosteric ligands on tracer kinetics may be
even more profound.

This is because in the limit the tracer binds to, or dissociates
from, the complex of the receptor with the second ligand,
yielding a parameter designated Kogsoc. Acceleration and
deceleration of the tracer kinetics are both possible. Often, the
slowing will be extreme; the allosteric ligand may ‘plug’ access
to the binding site so that the tracer can neither enter nor
leave without prior dissociation of the allosteric partner.
In fact:

e The simplest test for allosterism is to vary the concentration
of the putative cooperative ligand, and measure its effect on
the dissociation rate constant of the tracer.

At one extreme, if the allosteric ligand dissociates much
more rapidly than the tracer ligand so that it remains in
equilibrium throughout the dissociation process, the appar-
ent dissociation rate constant changes monotonically from
Ko tO Koftocc, and analysis of the resulting curve yields an
estimate of Kyi/o, which is the dissociation constant of the
allosteric ligand bound to the receptor-tracer complex. At the
other extreme, if the allosteric ligand dissociates much more
slowly than the tracer, the occupied and unoccupied receptors
behave as independent populations, and the observed time-
course will be the sum of the separate exponentials describing
dissociation from the two populations (Lazareno and Birdsall,
1995).

For the association reaction in the presence of a receptor-
saturating concentration of a rapidly dissociating allosteric
ligand, Konappr = Kofiocc(1 + o.[L]/Ky) so that the apparent
association rate of a low concentration of the tracer ligand is
dominated by its dissociation rate from the ternary complex,
which may become vanishingly small.

e Allosteric interactions can produce a ‘kinetic artefact’,
whereby the allosteric ligand inhibits the binding of the
tracer ligand by slowing its association rate to zero, even
though its effect on the equilibrium binding of the tracer
ligand is neutral or positively cooperative (Lazareno and
Birdsall, 1995).

e This could be confused with apparent competitive inhibi-
tion in the context of screening assays.

The upshot is that it is vital to remember that:

e The time-course of tracer binding, measured alone, is not a
good guide to the time-course in the presence of a second
unlabelled ligand.
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In general, the rate of approach to equilibrium is dominated
by the kinetics of the slowest reaction step. A simple rule is
that the binding reaction should be incubated for five times
the half-time of the slowest step in the reaction mechanism if
equilibrium is to be achieved.

e A simple assay methodology to address this issue is there-
fore to assess how ICs varies with incubation time.

If ICs is constant with two sufficiently different incubation
times, the assay is at equilibrium for the compound under
study. If, however, the compound becomes more potent with
incubation time, then this implies non-equilibrium condi-
tions and thus questionable data (Heise et al., 2007).

The practicalities of radioligand binding assays

In the following sections, we outline some important consid-
erations in the practical implementation of equilibrium
binding assays.

Choice of radioligand

The availability of radioligands for binding studies is con-
strained by the pharmacology of the receptor and the suit-
ability of its ligands for radiolabelling. For [*H]ligands, typical
specific radioactivities are in the range of 50-100 Ci-mmol™
(two to four tritium atoms per molecule). ['**I] ligands often
have an initial specific activity of 2190 Ci-mmol™. Radioli-
gand stocks are usually provided at 1 mCi-mL™, with a con-
centration of 1-2 x 10~ M for [*H]ligands.

The choice of radioligand may depend on the aim of the
experiment. Determination of By.x and Ky requires measure-
ments ranging over occupancies of 10-90%. For a radioligand
with a Kq of 10 M, 90% occupancy implies a (free) radioli-
gand concentration of 10® M, representing up to 1 uCi
(37 kBq) of [*H] per assay. This probably represents the prac-
tical upper limit of radiotracer usage, unless the radioligand is
first diluted with unlabelled ligand to reduce its specific radio-
activity: in this case, the unlabelled ligand should be chemi-
cally identical to the labelled ligand, and the receptor-specific
binding will be reduced in proportion. The maximum usable
concentrations of ligands labelled with other radioisotopes,
such as ['*’I], may be substantially lower.

e Radioligands with K4 < 10 M should be used for measure-
ments of By, and K.

e Specific radioactivities less than 5 Ci-mmol™ are unlikely to
be useful.

Binding equilibrium must be reached. The half-time for
radioligand dissociation should be measured, and an incuba-
tion time exceeding S x t;, must be used. It is necessary to
check that the receptor preparation is stable over the neces-
sary time period.

e Proteolysis may be occurring if specific binding peaks, and
then diminishes over time, particularly if the instability is
greater at higher concentrations of the membrane fraction.



e Proteolytic inhibitors appropriate to the receptor prepara-
tion should be added, if needed, but they should be exam-
ined for direct effects on binding.

The polarity of the ligand may affect By.x and Kq. A study on
mAChRs expressed in the neuroblastoma cell line SK-N-SH
illustrates this point (Fisher, 1988). At low temperature, the
Buiax Value for the hydrophilic antagonist [PHINMS was signifi-
cantly lower than that of the more lipophilic antagonist
[*’H]QNB, whereas at 37°C the values were similar. This study
suggested that in these cells, there were at least two pools of
receptor that were differentially labelled by the liphophilic
versus the hydrophilic antagonist at low temperatures, but
this was not evident at 37°C.

Alternatively, a frequent aim is to estimate corrected ICs, or
pKq values for a series of ligands from inhibition of the
binding of the radiolabelled tracer ligand by a series of serial
dilutions of the unlabelled ligands. A useful empirical rule is
that if the assay is directed towards screening for inverse
agonist molecules, then the radioligand used should itself be
an inverse agonist at the receptor as the structure-activity
relations of the high-affinity agonist binding, G protein-
coupled, state of the receptor are often different from those of
the uncoupled state, which favours inverse agonists (Sharif
etal., 1995).

e ‘Setting Up Screening Assays for Modulators of Radioligand
Binding’ contains guidelines for setting up inhibition assays
to obtain a usable level of signal while avoiding depletion
artefacts.

Optimizing the recovery of bound ligand in filtration assays
Receptor-radioligand complexes are separated from free
ligands by sucking the incubation medium through filters
(such as glass fibre) to trap the cell membranes. The filters are
then washed several times with buffer to remove residual
unbound ligand and any ligand that can be rapidly washed
from non-specific binding sites. Ideally, the receptor-ligand
complex will not dissociate significantly during washing, and
will be completely trapped by the filters. If the wash time is a
typical 10s, less than 10% dissociation requires a Kor <
0.01 s7'. If we assume k., values of 10°-10” M~'s™!, which are
typical at room temperature (c.f. Figure 2B), the correspond-
ing Ky values are 10°%-107 M.

e Filtration is not suitable for radioligands with Kq> 10 M, if
the washes are conducted at room temperature.

e The use of ice-cold wash buffer is the default recommenda-
tion. It can extend the usable range by up to 100-fold
(Ka = 107-10°M); kor is often greatly reduced at low
temperature.

It may also be possible to add a neutrally cooperative allos-
teric modulator to the wash buffer that strongly reduces the
dissociation rate constant (see ‘Binding Properties of Unla-
belled Ligands Derived from Modulation of the Receptor-
specific Binding of the Radiolabelled Ligand’). It is advisable
to perform a systematic study of recovery of total and non-
specific binding as a function of number of washes.
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It is important to choose the correct filters for the job.
Thicker GFB filters will give more complete recovery of small
membrane fragments than the thinner GFA filters, but may
extend the wash time. Pretreatment of the filters may be
performed. For instance, soaking with 0.05-0.125% polyeth-
ylene imine for 10 min gives them a positive surface charge
that may help to trap negatively charged membrane frag-
ments. This also minimizes non-specific binding of cationic
(but not anionic!) ligands. Again, a systematic comparison is
desirable.

Measuring non-specific binding

The measured signal from binding assays is the sum of the
receptor-specific element and non-specific binding to compo-
nents of the assay system. The latter arises partly from the
entrapment of radioligand in the filters used for performing
the separation, and partly from low-affinity binding to mem-
brane proteins or partitioning into phospholipids. These low-
affinity processes are usually non-saturable at the ligand
concentrations used in receptor binding studies, and are mod-
elled by the product of a coefficient of non-specific binding,
N, and the free radioligand concentration; when the concen-
tration of the membrane preparation is varied, N can be
expanded to include both components; N = Ns + Ni.[Rq].
Typical values for Ns are in the range 10*-107, and for Ny
10#-10° nM™ for cationic ligands binding to muscarinic
receptor preparations, for example.

Non-specific binding adds an extra term to the conserva-
tion equation for the radioligand, which becomes [L] + N[L] +
[RL] = [Ly]. Equation 3 for the concentration of receptor—
ligand complex is also slightly modified:

([(Re]+[Lr]+ K'a) = V([Re 1+ [Lr]+ K’a) " 2 — 4[Ry ][ Ls]

RL]=
[RL] 2

(3b)
where K’y =(1+ N)Kq4
[L] is calculated as ([LT] — [RL])/(1 + N), and the total measured
ligand binding is given by the sum of the receptor-specific and
non-specific components:

[Lgouna1=[RL1+ N (LT1-[RLD/(1+ N) (30)

This is numerically equivalent to an expression developed
by Swillens (1995).

e Equations 3b and 3c should always be used to analyse
radioligand saturation curves in the presence of non-
specific binding.

The accurate estimation of N is necessary for the analysis of
both radioligand saturation and inhibition data. This is criti-
cal to distinguish competitive from negatively cooperative
inhibition of tracer ligand binding, which may only be diag-
nosed by residual specific binding of the radiotracer persisting
at high concentrations of the unlabelled ligand.

Ideally, non-specific binding should be estimated by incu-
bating the receptor preparation with concentrations of the
radioligand spanning the entire range to be used together
with a sufficient concentration of an unlabelled, strictly com-
petitive ligand, I, having a sufficient affinity to maintain at
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least 99.9% occupancy of the receptor at the highest radioli-
gand concentration used, Lyx.

e For the determination of non-specific binding, the concen-
tration of the competing ligand [I] must be >1000.Kq/(1 +
[Lvax]/Kar). For instance, if the radioligand is used at 10 x
K4, then the non-radiolabelled competitor will need to be
used at 10 000 x Kg;.

¢ [t may be misleading to define receptor-specific binding as
the component of radioligand binding inhibited by a large
excess of the corresponding unlabelled ligand.

This will also inhibit radioligand binding to non-receptor
sites which, although of low affinity, may have high binding
capacity. Instead, it is desirable to use an unlabelled ligand
that is chemically distinct from the radiotracer, while main-
taining high affinity.

A possible hazard is that a tracer ligand that can exist in a
non-ionized form may access a membrane compartment
that is inaccessible to a polar ligand employed to define
non-specific binding. An example of this is shown in Figure 7,
in which inhibition of the binding of the high-affinity
tertiary amine antagonist (-)-[*H]-3-quinuclidinyl benzilate
(PH]QNB) to M; mAChRs was inhibited by two competing
ligands, (-)-N-methylscopolamine (NMS), which is a quater-
nary amine, and (-)-scopolamine, the tertiary analogue of
NMS. Unlike QNB and scopolamine, NMS cannot easily cross
a lipid bilayer to penetrate sealed vesicles, reminiscent of the
Buax differences described in ‘Choice of Radioligand’. The
presence of a minor population of less accessible sites in the
membrane preparation was suggested by the failure of a
single-site model of binding to fit the NMS-[*H]QNB compe-
tition curve at the higher concentrations of competing ligand
used. The inclusion of 10% of binding sites with a lower
apparent affinity resolved this anomaly. In contrast, the
scopolamine-[*H]QNB data were fitted by a single site model.
In this case, scopolamine (10~° M) rather than NMS should be
used to define the non-specific binding of [PH]JQNB.

e Ideally, several different unlabelled competitors should all
yield statistically indistinguishable estimates of non-
specific binding.

Quality control checks on the radioligand: bindability and
specific radioactivity

For a commercially available ligand, the manufacturer’s data
sheet will give information about the specific radioactivity of
the ligand on a reference date, the radioactive content of the
preparation, its chemical purity and advice on its storage and
handling. One simple piece of advice is always to allow vials
of radioactive ligands, which are often in ethanolic solution
stored at —20°C, to equilibrate to room temperature before
opening them, to prevent the condensation of water vapour.
In the case of custom-synthesized or laboratory-labelled
radioligands, handling and purity data may be less well estab-
lished. The default assumptions are that the stated specific
activity of the radioligand is correct, and that the material is
chemically pure and 100% competent for receptor binding.
However, this may not be the case.
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Figure 7 Choice of unlabelled ligand to define non-specific binding
for a lipophilic radioligand. Binding of (-)[*H]quinuclidinyl benzilate
(3 x 107'° M), a tertiary amine muscarinic antagonist, was measured
over 24 h using a recombinant M; muscarinic receptor construct
(50 fmol-mL™") expressed in Escherichia coli spheroplast membranes
suspended in 50 mM sodium phosphate, pH 8.0: (A) Inhibition of
[HIQNB binding by a quaternary amine antagonist, (-)N-
methylscopolamine, could not be fitted by a single-site inhibition
curve, but required the addition of about 10% of sites with ca.
50-fold lower affinity; (B) inhibition of [*HJQNB binding by scopola-
mine, the tertiary analogue of NMS, was adequately described by a
single site model for a homogeneous set of binding sites.

e It is highly desirable to check the bindability and specific
activity of the radioligand before embarking on a major
series of assays.

Non-radioactive tight-binding impurities, for instance, left
over from the starting material, may be a hazard. If undetec-
ted, the presence of such contamination will lead to overes-
timation of the apparent affinity constant of the radioligand,
and underestimation of the apparent concentration of recep-
tor binding sites. It may also artefactually limit the association
rate constant (Lazareno and Birdsall, 2000). This can have real
consequences (Sum et al., 2001).

The opposite situation arises when the radioligand is con-
taminated with non-bindable radiolabelled impurities. These
may accumulate. For instance, the active enantiomer of a
radioligand may racemize to the inactive form during storage.



e If undetected, the presence of non-bindable radiolabelled
impurities will cause the overestimation of the apparent
free radioligand concentration, particularly under tracer
depletion conditions. This will lead to underestimation of
its affinity.

Because of the symmetry of equation 3, depletion due to
receptor binding can be exploited to estimate the bindable
fraction of the radioligand, by carrying out measurements at
different concentrations of the receptor preparation. If con-
centrations such that [Ry] > 3 x K, are achievable, then a good
estimate of radioligand bindability can be obtained. The set of
data in Figure 8A shows the binding of [FHINMS to M,
mAChRs at a series of dilutions of the receptor preparation
that yielded binding site concentrations of up to 0.5 nM, (5 x
Kq). Apparent radioligand depletion at the lowest [*H]NMS
concentration used was up to 73%.

The binding curves were analysed using equations 3b and
3c for depletion-compensated radioligand binding, modified
to use receptor dilution as an independent variable.

e The true concentration of bindable radioligand (nM) is cal-
culated using the expression (L] = FrB*(LTdpm - Bgd)/
(2220*SPact*V) where LTdpm is the measured total
radioligand added to the assay (dpm), Bgd is the counter
background, SPact is the radioligand-specific activity, V is
the volume of the assay and FrB is the fraction of bindable
radioligand.

FrB was one parameter determined by least-square fitting.
In addition, the expanded definition of the coefficient of
non-specific binding N = Ns + Ni.[RT] allowed it to vary at
different concentrations of the membrane fraction. The equa-
tions provided an excellent global fit to the data set. The
bindability of the [*H]NMS preparation was estimated to be
0.745 = 0.038, significantly less than the assumed value of 1.0
(P < 107 using an F-test to compare fits obtained with FrB
restricted to 1.0, or allowed to vary; see legend to Figure 8A),
and similar to the estimate needed to describe the data in
Figure 3 (‘The Effect of Radioligand Depletion on Tracer Asso-
ciation and Equilibrium Binding’). Ny and Ny were both ca. §
x 107%.The very low non-specific values reflect the favourable
properties of the quaternary ammonium ligand *H]NMS in
the filtration binding assay; when using non-polar ligands,
values 10x this are common.

e Both bindable and non-bindable ligand contribute to
non-specific binding.

A simplified method for analyzing radioligand bindability is
to plot 1/dpm bound against 1/[R¢], extrapolating the plot to
infinite receptor concentration. Applied to the lowest
[PH]NMS concentration, this gave the straight line shown in
Figure 8B, yielding an apparent bindability of 83%. However,
this is an overestimate because it does not allow for dimin-
ished non-specific binding of the radioligand caused by radio-
ligand depletion at the highest receptor concentrations used
(Schumacher and Von 1994).
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e Specific radoactivity is a second parameter needed to calcu-
late the true concentration of radioligand added from the
input radioactivity.

Assuming that the binding affinities of the radiolabelled
and unlabelled ligands are identical:

e The specific radioactivity of the radiolabelled ligand can be
estimated by systematically comparing the pK; value
obtained by a tracer ligand saturation experiment with the
value from a homologous competition experiment in
which the unlabelled ligand is used to inhibit the binding
of the labelled ligand.

It should be noted that the requirement of equal affinity
requires that the unlabelled and labelled ligands be chemi-
cally identical. Thus, if the ligand is labelled with ['*°I], the
unlabelled ligand must be the iodinated form of the unla-
belled ligand rather than the non-iodinated form, which is
not guaranteed to have the same affinity.

An example, for [PHINMS, is shown in Figure 9. The
direct saturation (Figure 9A) and homologous competition
(Figure 9B) experiments were analysed simultaneously as a
single data set using equation 3b, with the concentration of
unlabelled ligand added as a separate independent variable.
The estimated specific activity of the radioligand was 67.4 =
2.7 Ci-mmol™, acceptably close to the manufacturer’s value of
75 Ci-mmol™ given the uncertainties of the measurements.

A secondary check on the consistency of radioligand
binding assays is to use a second radioligand to perform
saturation assays on the same population of receptor binding
sites. If the specific activities of both ligands are accurate, the
estimated total concentrations of binding sites should not be
significantly different. If they are, then either one (or both) of
the specific activities is incorrect, or there is a subpopulation
of binding sites that cannot be accessed by one of the ligands.

Setting up screening assays for modulators of radioligand binding
In a screening assay, a key constraint is provided by the
desired level of signal from the receptor-radioligand complex
in the assay in the absence of any additional ligands.

e Thus, 1500 cpm provides a 95% confidence limit of 5%
after counting for 1 min, while 300 cpm gives the same
confidence level after 5 min. For a counter with an effi-
ciency of 50%, these counts correspond to concentrations
of ca. 30 and 5.5 fmol of receptor ligand complex in a 1 mL
assay for a radioligand with a specific activity of
50 Ci-mmol™.

We have seen that ligand depletion seriously distorts both
saturation and inhibition binding data. As a general rule,
depletion should be held to less than 10%. Levels of 10-30%
may allow parameter estimates to be obtained, although their
reliability may be somewhat compromised. Levels exceeding
50% may invalidate the experiment.

e Let ¢ denote the concentration of receptor-ligand complex
that gives the desired level of signal. For instance, this

British Journal of Pharmacology (2010) 161 1219-1237



Equilibrium binding assays

1232 EC Hulme and MA Trevethick
A
8e+4
m Dilution 1:100 bindability = 0.745 +/- 0.038
® Dilution 1:500 PK,4 =10.098 +/- 0.052
¢ Dilution 1:1000 receptor concn = 47.4 pmol-mL-!
— Go+4 | Vv Dilution 1:2500
€
Q.
k=
o
c
g 4e+4
a2 7
)
=
<
I
2 2e+4 -
0 -
1e+3
[3HINMS (dpm)
B
0.005
0.004 -
o
S 0.003 -
o
Qo
£
S 0.002 -
=
0.001 - . . .
<—— bindability estimate = 0.83
0.000 ; : ; ‘ ,

0 10 20 30 40 50 60

1[R{] (nM)_1

Figure 8 Quality control checks on the radioligand: bindability. The equilibrium binding of (-)[*H]NMS to recombinant M; mAChRs was
measured after 60 min at 30°C in 50 mM sodium phosphate, pH 8.0. Assay volume was 1.0 mL. (A) Determination of the fractional bindability,
FrB, of a batch of [*H]NMS. Saturation binding assays (0.0078-2.4 nM [*H]NMS).were performed using a range of dilutions of an M; mAChR
preparation initially containing 47.4 pmol-mL™" binding sites (13 pmol-mg~' protein). Non-specific binding was measured using atropine
(10 uM). The data were globally fitted to equations 3b and 3c with the total ligand concentration calculated as [Lg] = FrB*(LTdpm —
Bgd)/(2220*SPact*V). The full lines show the set of fitted curves. FrB was estimated to be 0.75 = 0.05. Restriction of FrB to 1.0 gave a poor fit
to the data at the highest mAChR concentration (grey line). An F-test on the sum of squares of the weighted residuals gave P < 107° with respect
to the unrestricted fit. pK4 was 10.10 = 0.05. The coefficients of non-specific binding were: Ns, 3.7 x 107™%; N, 5.2 x 10 nM~". (B) Plot of
1/dpm bound versus 1/[Ry] for the lowest concentration of [P(HINMS. Comparison of the y-intercept with the inverse of LTdpm, the total
radioactivity added to the assay (arrow), gave an estimated FrB of 0.83.

might be 30 fmol-mL™ in a 1 mL assay, or 150 fmol-mL™ in

. [R ]_[RL]+ Kd[RL] —o+ Kd50
a 0.2 mL assay. Let the target level of depletlon be .60 ‘(pref- T ((Lr1-[RL]) a1-5,) 8)
erably =0.1). Then, the total concentration of radioligand

(assumed to be 100% bindable) is [Lt] = 6/8,. What concen-

tration of receptor binding sites should be used? For the above example of a signal of 1500 cpm from 1 mL
e From the definition of the equilibrium constant and the assay volume, ¢ is 0.03 nM, [L+] is 0.3 nM and [Ry] is 0.14 nM
receptor conservation equation (140 fmol/assay), for a radioligand with a pKq of 9.0 to yield a
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Figure 9 Quality control checks on the radioligand: specific radio-
activity. Estimation of the specific radioactivity of a batch of [PHINMS.
Assay conditions were as in Figure 8. A direct saturation curve (A) was
compared to a homologous competition curve (B) using a receptor
concentration of 50 fmol-mL™". The full data set from (A) and (B) was
analysed simultaneously, with FrB fixed at 0.745, giving an estimated
specific radioactivity (SPact) of 67.4 = 2.7 Ci-mmol~". The pK4 of NMS
was 10.06 = 0.04.

depletion level of 10%. The radioligand depletion can be
further decreased either by increasing [L{] or decreasing [R1]
by increasing the assay volume while maintaining [Lq].
Decreasing the assay volume requires a compensating
increase in radioligand concentration to maintain the same
level of depletion. There is a trade-off between the extent of
radioligand depletion, the specific : non-specific binding ratio
and the shift correction. The shift correction is calculated by
substituting [Ly] and 9§, into equation 7. For a 1 mL assayj, it is
modest for this example, 0.14 log units, but would rise to 1.47
log units for a radioligand with a pK4 of 11 for the same level
of signal. The corresponding values for a 0.2 mL assay are 0.40
and 2.16 log units.

¢ An initial signal corresponding to about 10 fmol-mL™ of
receptor ligand complex sets a natural upper bound on the
affinity of [*H] ligands that can be used in competition
binding assays. This cannot exceed ca. 10" M if K, is to
remain above [Ry], so that radioligand depletion remains
below 50%.
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Higher working affinities may be possible for ['*I] ligands,
which have a higher specific activity, permitting the detection
of a smaller absolute amount of receptor-ligand complex.

e For very high-affinity ligands, the limiting factor may be
the time taken to achieve equilibrium.

For example, at room temperature, the muscarinic antago-
nist QNB (Kq =30 pM) has a ko of 0.003 min™', while NMS has
a similar affinity but has a k. of 0.017 min™'. Thus, at their
respective Ky values, QNB will take approximately 10 h to
reach equilibrium, but NMS less than 2 h. Evidently, longer
incubations make greater demands on the stability of the
receptor preparation.

e Non-specific binding sets a lower bound on the working
radioligand affinity.

Non-specific binding under the assay conditions may
be calculated from the expression [NS] = [L{]N/(1 + N) where
N = N5 + Np[Rq] is the sum of the system-dependent and
receptor preparation-dependent components (c.f. Figure 8A
legend). For a value of the receptor-dependent non-specific
binding coefficient of Ny = 0.001 nM™, a pKy of 6 gives
approximately equal specific and non-specific binding when
the receptor-specific signal is 30 fmol-mL™. This is of the
same order as the off-rate-determined limit. Again, the
kinetic factors determining the loss of specifically bound
radiolabelled ligand during the filtration process may
become the more important limitation.

The values of [Ry] and the Cheng-Prusoff shift together
determine the effective range of affinities for unlabelled com-
peting ligands that can be studied in a particular assay.

e The pICs, values of competing ligands may be estimated
by fitting the Hill equation to the inhibition curves:
dpm = {Top - Bottom}/[1 + 10"""#1Cs0+10sV]  Bottom. ~ The
curves range from a ‘top’ value to a ‘bottom’ value, which
for competitive (but not allosteric) ligands should corre-
spond to non-specific binding; logA is logi, of the com-
peting ligand concentration. The primary parameters
characterizing the ligand interaction are the pICs, and the
slope factor, nH. In any set of assays, sufficient replicates
(four or more) must be used to allow the mean and SEM of
the total (‘top’) and non-specific (‘bottom’) binding (using
the standard ligand) to be determined accurately.

In the absence of competing interactions, the measured ICs,
of the unlabelled ligand, like the ECs, of the radioligand,
cannot fall below the ‘assay limit’ of [R{]/2. However, by
raising the concentration of radiotracer, a high-affinity com-
petitor can be ‘forced’ to a lower apparent affinity, bringing
the competition curve into range.

e The effective assay limit is given by Kas > [Ri]/(1 + [L+](1 —
80/2)/Ka). Competition from the radioligand enhances the
working range of the assay by the factor (1 + [L](1 — 80/2)/
Ka). This may be a substantial factor for a high-affinity
radiotracer. It is still necessary to ensure that the assays
achieve equilibrium.
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Of course, the use of a higher tracer concentration will also
diminish its specific : non-specific binding ratio. It should be
noted that an allosteric inhibitor will show reduced maximal
inhibition of the tracer ligand binding when subjected to this
manoeuvre.

Determining the mechanism of ligand interactions at equilibrium
The outcome of a screening campaign is (hopefully) a number
of ‘hits’ that fulfil preset requirements of ligand potency. The
question then arises:

e What is the mechanism of interaction of a particular ligand
with the receptor in relation to the radiotracer ligand,
which usually binds to the orthosteric site?

Hints may emerge from the screening experiments. For
instance, if binding of the radioligand is potentiated, or is
inhibited but plateaus at a value significantly greater than the
true non-specific binding, then the mechanism of interaction
must be allosteric. However, the reverse is not true. If the
ligand completely inhibits binding of the radiotracer, it may
still not be interacting competitively; an allosteric mecha-
nism, such as neutrally cooperative binding accompanied by
an extreme form of the kinetic slowing artefact pointed out in
‘Binding Properties of Unlabelled Ligands Derived from
Modulation of the Receptor-specific Binding of the Radiola-
belled Ligand’ cannot be excluded.

e A logical and powerful extension of an initial binding
screen helps to answer this question: simultaneous equilib-
rium binding assays using a wide range of radioligand
concentrations.

This multi-ligand design (Rovati, 1998) can differentiate
strictly competitive from negatively cooperative mechanisms
of interaction, which only become evident at high levels of
radioligand occupancy.

e A revealing experimental format is to use three different
radioligand concentrations, such as 0.2x, 2x and 10x the
radioligand K4. The entire data set is subjected to global
analysis using the allosteric ternary complex model cor-
rected for radioligand depletion.

An empirical slope factor is added to equation 5 before
substitution into equation 3b (e.g. [A]/Ka is replaced by
([A]/K4a)™. This allows the inhibition curves to deviate from
simple hyperbolic behaviour. Such an experiment yields,
simultaneously: (i) an estimate of pKy, for the tracer ligand;
(ii) an estimate of pKj, for the unlabelled inhibitor; (iii) the
slope factor of the inhibition curve; (iv) an estimate of the
cooperativity, o, between the labelled and unlabelled ligands;
(v) the concentration of binding sites; and (vi) the coefficient
of non-specific binding.

An experimental example is shown in Figure 10. This shows
inhibition of the binding of PH]NMS to the M; mAChR by a
selective agonist, 77-LH-28-1 (Lebon et al., 2009).

In the case of the wild-type receptor, a strictly competitive
model of binding provided an excellent fit to the data;
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Figure 10 Probing the mechanism of interaction between a test
ligand and the radiotracer using several concentrations of radioli-
gand. Binding of [*H]NMS to wild-type and mutant M; mAChRs
expressed in membranes from COS-7 cells was measured at 30°C for
2h in 20 mM Na HEPES, 100 mM NaCl, 1 mM MgCl,, pH 7.5.
Concentrations of [*HJNMS equivalent to 0.2x, 2x and 10x Ky were
used. Serial dilutions of the agonist 77-LH-28-1 in dimethyl sulphox-
ide were added to the assays (final DMSO concentration 1%). Non-
specific binding was measured with 105 M scopolamine. Assays were
performed in quadruplicate. Maximum radioligand depletion was
10%. Data were globally fitted to the allosteric ternary complex
model equation 5a embedded in equation 3b, and modified to allow
non-unitary slopes for the competition curves. (A) Wild-type receptor
showing competitive inhibition; pKy, (PHINMS), 9.74; pKys (77-LH-
28-1), 6.54; nH 0.84; log() was fixed at —6. (B) Tyr82 Ala mutant
showing allosteric inhibition: pKq 9.45; pKya 6.67; nH 0.50; log(o),
-1.33.

[PHINMS binding was reduced to the non-specific level by a
sufficient concentration of 77-LH-28-1. However, for the
Tyr82 Ala mutant, the selective agonist failed to give complete
inhibition of [*H]NMS binding at the higher levels of radioli-
gand occupancy, even though the radioligand had a reduced
affinity for the mutant receptor. To account for this, the value
of oo was 0.046, significantly greater than zero. This behaviour
might have been missed if only one low concentration of
[PBH]NMS had been used. It should be noted that because o
and Kys occur as a ratio in the denominator of equation 5a,



they are highly correlated during the performance of the fit
(Avlani et al., 2008), somewhat increasing the interdepen-
dence and standard errors of the two parameter estimates.

In summary, within the sensitivity of this experiment,
[PHINMS and 77-LH-28-1 competed for binding to the wild-
type M; mAChR. In contrast, they bound simultaneously to
the Tyr82 Ala mutant to form a ternary complex with a
negative cooperativity of about 0.05. The aromatic side chain
of Tyr82 may mediate interactions between the binding sites
for the two ligands in the wild-type receptor, and its removal
changes the mechanism of interaction between them (Lebon
et al., 2009).

Future perspectives: challenges for ligand
binding assays

In the forgoing, we have addressed a limited agenda, focusing
on equilibrium binding assays under a restricted set of con-
ditions. Such assays are biased towards the discovery of mol-
ecules that compete with the tracer ligand, although allosteric
interactions may also be detected. In the concluding section,
we briefly outline some areas in which further developments
are desirable.

The tracer ligands used in pharmacology are often antago-
nists. We have not discussed the increasingly important
subject of allosteric modulation of agonist binding. Allosteric
interplay between synthetic ligands and the orthosteric trans-
mitter binding sites on receptors is a rich source of novel
leads for drug development (Conn et al., 2009). Because the
binding sites for allosteric ligands are structurally distinct,
they often support high selectivity that cannot be achieved at
the evolutionarily conserved orthosteric site. Therefore, it is
important to learn how to detect allosteric interactions with
agonists in binding assays, and to understand their potential
implications for drug screening.

Most ligand binding studies are carried out on membranes
at or near room temperature. They do not distinguish
between the enthalpy and the entropy of binding, both of
which are subsumed into the expression AG° =—-RTIn K for the
standard Gibbs free energy. Therefore, an important motiva-
tion for binding studies at different temperatures is to resolve
the ligand binding energy into its enthalpic and entropic
elements. In straightforward cases, this is achieved by per-
forming experiments at different temperatures, analyzing the
variation of the binding constants using the van’t Hoff rela-
tionship, In K = -AH°/RT + AS°/R.

Interestingly, for some GPCRs, as well as ligand-gated ion
channels, thermodynamic measurements differentiate ago-
nists from antagonists. For instance, agonist binding to
B-adrenergic receptors is primarily enthalpy driven (Weiland
etal., 1979), while antagonist binding has a greater entropic
component. The converse is true for adenosine A; and A,
receptors (Borea et al., 2000). At the human adenosine A;
receptor (Merighi et al., 2002) and A, receptor (Gessi et al.,
2008), data demonstrated that agonists were entropy driven
whereas antagonist binding was dependent on entropy and
enthalpy. It is notable that, in important instances, the opti-
mization of affinity and selectivity evolved during drug devel-
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opment has come from the enthalpic rather than the entropic
component of the binding energy (Raffa 1999; Freire, 2008).
This arose from the introduction of strong, specific directional
bonds such as hydrogen bonds and dispersion interactions
without countervailing restrictions of conformational flex-
ibility in the bound state or extra desolvation penalties. Such
data have added an important extra dimension to ligand
comparisons, and are increasingly viewed as important for
optimization (Ruben et al., 2006). It remains an outstanding
intellectual challenge to calculate ligand affinities from
knowledge of the structure of receptor molecules (Davis et al.,
2008).

Thermodynamic studies of drug-receptor interactions
require the careful standardization of reaction, particularly
buffer, conditions, if meaningful comparisons between differ-
ent data sets are to be possible, especially when they originate
from different laboratories. This has been something of a
Cinderella’s kitchen. Different groups have their favourite
buffer recipes, which are often followed out of custom.

Clearly, if temperature is to be varied, it is advisable to
choose a buffer whose pK is relatively temperature insensitive,
and to titrate the pH of the buffer at the working point. This
disfavours Tris—-Cl, whose pK decreases by 0.028/°C. ‘Good’
buffers, such as HEPES, are less affected. Phosphate shows
little temperature sensitivity, but is not compatible with diva-
lent cations. Tris also has chelating activity for multivalent
cations, and may cause a physical perturbation of the phos-
pholipid bilayer (Mou et al., 1994).

Receptor molecules contain ionizable groups. These may
lie within the binding site or be allosterically linked to it.
Ligands, such as tertiary amines, may also contain ionizable
moieties (Barlow and Winter, 1981). Thus, pH variations
may strongly affect ligand affinities. This must be considered
at the outset of experiments, and standard conditions
established.

Ionic strength also modulates receptor-ligand interactions.
The binding of cationic amines to receptors which is medi-
ated by anionic residues, such as the transmembrane helix 3
aspartic acid in aminergic GPCRs, is typically screened by
increasing ionic strength (Birdsall et al., 1979), but the effects
may be quite different for selective or allosteric ligands acting
at a distinct site (Pedder et al., 1991), leading to large pertur-
bations of structure-binding relationships. Interestingly, a
sodium ion stabilizes the C-terminus of a short o-helical
segment in the second extracellular loop of the turkey f;
adrenergic receptor, revealed in the X-ray structure (Warne
et al., 2008). This may regulate the docking kinetics of ligands
in transit to the binding site. The hydration of the ligand and
of the receptor binding sites will also be changed by the
formation of the receptor-ligand complex (Hulme etal.,
2006). This can provide a large element of the free energy
change that drives binding, and may also be affected by the
pH and ionic composition of the medium.

Ions can have specific effects on receptor binding and func-
tion. Selective sodium inhibition of the binding of o, adreno-
ceptor, mu opioid receptor and D2 dopamine receptor
agonists, and promotion of the binding of opioid inverse
agonists is thought to be mediated by an allosteric interaction
of Na* with the ‘polar pocket’ residues clustered around a
conserved aspartic acid residue in transmembrane helix 2,
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reducing the affinity of the agonist-receptor complex for the
G protein (Tian and Deth, 1993). In contrast, Mg* ions have
the opposite effect on many GPCRs, promoting the formation
of a high-affinity agonist-receptor-G protein complex, an
instance of positive cooperativity that stabilizes the transition
state of G protein activation (Zhang et al., 2004). Usually,
Mg* concentrations of the order of 1 mM are required:
10 mM Mg*" may be added to the binding buffer to promote
maximum agonist-GPCR-G protein interactions. Sometimes,
1 mM Mn?* is used. This has a more potent effect, but creates
a non-physiological form of the agonist-receptor-G protein
complex.

Finally, it is impossible, in a membrane suspension, to
reproduce the cellular environment of receptors vectorially
inserted into the plasma membrane of a living cell, subject to
large ionic and potential gradients. Nonetheless, it is becom-
ing increasingly clear that transmembrane gradients may
have an important effect on the function of GPCRs, as well
ligand-gated ion channels (Ben Chaim et al., 2006; Liu et al.
2009). It may become possible, in the near future, to address
these issues by observing the binding of single ligand mol-
ecules to receptors embedded in lipid films, or in liposomes,
using fluorescence techniques.
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